Abstract-Detection of gases in industrial contexts is of great importance for ensuring safety in storage and transport in order to limit atmospheric pollution and precisely control industrial and agricultural processes. Although chemical sensors are in widespread use, solid-state infrared detectors for gas sensing promise numerous advantages over conventional catalytic detectors in terms of sensitivity, calibration requirements, and lifetime. The lasermodulation photoacoustic approach is an alternative. Compared to other approaches, it provides more precise measurements with a stable zero baseline, as well as having significantly less complicated optics than cavity ringdown approaches. One enduring problem, though, is the relatively long time required to make photoacoustic measurements. The key contribution of this paper to the industrial context is twofold: first, we show how a sensitive dual-buffer acoustic resonator may be fabricated using three-dimensional printing, and second, we describe a method for localizing the peak absorption more rapidly than stepping a laser through the gas absorption profile. Modeling of the proposed approach demonstrates its potential, and the expected results are confirmed using an extensive experimental setup for the detection of methane in air.
leaks surveyed, 15% qualified as potentially explosive. A leak classification was proposed in [5] , and [6] notes that natural gas power facilities may be an important source of urban and suburban emissions. Utilization of methane measurements for modeling gas leakage plumes was recently examined in [7] . Decomposition of mineral oil in power transformers is an important indicator of fault conditions [8] , and therefore, measurement of methane is important in that context [9] .
It is, therefore, unsurprising that natural gas detection in general and methane detection in particular are important problems. Traditional detectors, which rely on chemical surface action, such as pellistors, have a number of shortcomings. They become poisoned after relatively short periods of time, require calibration against known baselines, and are usually not specific to a molecular species. Importantly, they consume power for heating (often up to 450
• C [10] ) and, as a result, are not ideal in explosive environments. New sensing structures based on lead sulfide have recently been reported [11] for sensing methane in the 1-5% range, approaching the critical lower explosive limit (LEL).
Given the potential variety of gas locations and their ambient conditions, it is not surprising that portable gas sensing systems have been studied [12] as well as gas sensors coupled to wireless sensor networks [13] . Temperature as well as gas species cross sensitivity was evaluated in [14] with compensation algorithms proposed. Semiconductor sources and detectors are promising, but problems such as thermal stability [15] and temperature compensation [16] persist. Localization of gas leaks was investigated in [17] for the case of propane gas. Recent developments include enhanced metal oxide sensor designs [10] and microcantilever sensors [18] . Optical fibers have also been employed for fiber-based gas sensing [19] and using interferometric techniques [20] .
II. KEY CONTRIBUTIONS OF THE PAPER
We address photoacoustic (PA) gas sensor design from two perspectives: first, the resonating cavity is designed and fabricated using 3-D printing techniques; second, a novel probe approach to enable rapid scanning of infrared (IR) absorption lines using harmonic distortion is presented.
A dual-buffer resonator design increases the available acoustic signal substantially so that very low-cost electret microphones are able to be employed using appropriate signal conditioning. A novel 3-D printed resonator design was recently reported in [21] , which was able to detect acetylene (C 2 H 2 ) 0278-0046 © 2017 Crown Copyright using a 1534 nm laser and micrelectromechanical system (MEMS) microphone, with the cell characterized using 1% gas concentration. We demonstrate here that a lower cost microphone using FET preamplifiers is able to produce ample signal for CH 4 LEL detection.
Stepping the laser wavelength in a PA detector in order to locate the gas absorption line is time-consuming, so we propose and evaluate a probe method based on cumulative harmonic distortion so as to obtain a coarse estimate of the location of the absorption wavelength, and hence maximize the PA signal. A distinct but related first-harmonic integration scheme was employed in [22] for the purpose of recovering the line shape. The third harmonic is then used to modulate a tunable diode laser to produce an acoustic pressure signal with high accuracy and zero baseline. An existing photodetector, used to align the laser in the resonant cavity, also serves to localize the wavelength of the absorption region to maximize the acoustic signal.
III. RESEARCH BACKGROUND
Traditional chemical-and surface-based detectors have advantages in the industrial context: they are inexpensive, relatively easy to replace, and generally robust to the harsh environments often encountered in industries requiring such sensors. The disadvantages include the need for frequent recalibration and replacement. Moreover, the lifetime of such sensors can vary widely and is difficult to predict. This is due to surface adsorption and atmospheric humidity, which in turn depend somewhat on the environment in which the sensors are installed. Recalibration may require removal of the sensing element, and replacement is often a specialist task as it requires in situ calibration. Finally, baseline drift (wander) prevents reliable concentration measurements, although it has been suggested that cycling techniques may help in mitigating this undesirable behavior [23] .
Absorption of IR power for a given gas species results in various physical manifestations. The intensity I(λ) at an IR wavelength λ nm is modeled as an absorption coefficient α(λ). For an input IR intensity I o directed into a gas with concentration C = N/N o , the intensity remaining after a distance L is
For weak absorption lines such that α(λ)CL 1, a truncated Taylor series approximation leads to [24] 
This approach is good for narrow-wavelength sources, but various complications such as temperature dependence work to limit the achievable resolution. Two important limitations of the absorption approach are 1) the nonzero measurement baseline and dependence on temperature and 2) the indirect measurement of gas concentration using the relatively small reduction in received power.
To address the issue of small reduction in power (which in turn limits the achievable accuracy), multipass cells have been investigated, wherein opposing mirrors are employed to effectively increase the path length. This method has been applied to wavelength modulation spectroscopy (WMS), though adjustment of the end mirrors is problematic [25] . A related but distinct technique is the cavity ringdown spectroscopy approach. This method was originally designed for testing the reflectivity of highly reflective surfaces, but can be modified to gas detection as follows.
In the cavity ringdown design, a multipass cell is still employed; however, absolute power is not used as a measurement parameter. Rather, a short pulse of IR is employed, and the intensity decay time measured. In this way, the change in decay time is measured rather than power reduction, and this is used as an indicator of gas concentration [26] .
The key problems with the cavity ringdown approach are the optical finesse required and the related problem of optical alignment. Harsh industrial environments, such as encountered in oil and gas industries, are not conducive to the use of highaccuracy optics. Optical switching approaches have recently been suggested in [26] . To reduce costs, LED sources have been investigated using this approach [27] ; however, very precise light measurements are required.
A different approach is made possible by tunable diode lasers, which are able to sweep the wavelength λ across a very narrow range, based on temperature and/or injection current control. In this method, termed WMS, the wavelength is modulated around a center λ o such that the harmonic amplitudes H n describe the signal [24] 
One or more individual harmonics nω of the laser drive current at frequency ω may be selected by synchronous detection. WMS is able to recover the absorption line shape, or a derivative of the line shape, and from this, the concentration of gas may be estimated. This method is relatively fast and quite sensitive. However, practical problems remain. Prominent amongst these is the laser alignment onto the surface of the detector, since external vibrations present a significant problem with small surface-area detectors. Furthermore, although WMS effectively produces a frequency-modulated output, the residual amplitude modulation cannot be neglected [24] . In the PA method, a strong coherent (laser) source is used to periodically heat a sample; provided the laser emission wavelength matches an absorption band of the gas species, the resulting pressure wave yields an indirect measure of the relative gas concentration [28] , [29] . The resulting pressure modulation is detected as acoustic waves using a capacitive or piezoelectric low-inertia diaphragm. In contrast to direct absorption, where a longer path length is desirable, a smaller PA cell size is preferable due to the nature of the absorption-relaxation process, which results in thermal/acoustic transfer.
One disadvantage of PA systems is that the acoustic emission produced is exceedingly weak. Thus, the design of a resonator with a higher resonant Q factor, so as to take advantage of mechanical resonance even before the signal is detected, is essential.
Since the PA effect induces a secondary signal, it is a zero-baseline technique, which may be contrasted with BeerLambert absorption spectroscopy where energy loss is measured from a nonzero baseline. This means that no signal is produced in the absence of an absorbing species [30] . The use of laser diodes (LDs) designed for the telecommunications industry has made photoacoustic spectroscopy potentially more attractive [31] .
IV. DESIGN PARAMETERS
The approach proposed in this paper employs PA measurement for maximum sensitivity, but requires IR power absorption for probing the absorption line location. This is because PA excitation produces a useful signal only when the IR laser modulation excites the edge of the absorption line of the gas under test; furthermore, this must be done in a cyclic fashion of absorption followed by relaxation. The exact wavelength region is very difficult to determine, since the lock-in integration times for stable PA measurements may be long, depending on the required accuracy.
For each measurement point obtained, a temperature and bias midpoint for the laser must be set. If the measured PA signal cannot be determined, the temperature and/or injection current must be altered in order to search for the absorption line. Thus, we use a broad scanning technique to locate the point of maximum absorption. This occurs when the modulating signal undergoes maximum distortion. The laser temperature and injection current at that set point then determine the optimal PA region in terms of maximizing the acoustic signal.
A. Infrared Absorption Line
The IR wavelength regions must be chosen such that 1) the target gas absorbs energy at that wavelength, and 2) interfering gases, typically water vapor and carbon dioxide, do not absorb energy in the vicinity of the wavelength region. The behavior of many gases in the IR are well known, and documented in the high-resolution transmission (HITRAN) line strength database [32] .
In order to determine the appropriate IR wavelengths for absorption of a particular gas, it is necessary to account for the phenomenon of line broadening. Line broadening increases the apparent absorption wavelength range about the center wavelength(s) as tabulated in HITRAN. In addition, HITRAN provides the line-broadening parameter γ air , which is used with a Lorentz approximation function to derive the expected absorbance profile at the operating temperature and pressure. Line broadening is also important as it influences the choice of laser, and in particular, the laser emission linewidth.
The line broadening relations were incorporated into the plot shown in Fig. 1 . This is the only CH 4 absorption line that the currently employed laser is able to probe. This is used to determine the appropriate laser emission line to target the desired gas. A similar process using HITRAN data is repeated for expected interfering species (water vapor and carbon dioxide) to ensure there is no cross sensitivity in the design.
B. Laser Selection
Gas lasers produce several watts of optical power, thus making the measurement process less difficult due to the higher For the purpose of the sensor design, the absorbance is more conveniently plotted as a function of wavelength λ nm. This is shown above for CH 4 absorbance over a 10 cm path length at 2.5% concentration.
signal-to-noise ratio (SNR). However, such lasers are bulky, expensive, and often require cooling [33] . In this work, we employ a discrete mode (DM) narrow-linewidth laser, which can operate at room temperature, taking advantage of designs intended for the telecommunications industry. The disadvantage is that the power output is only in the mW range, and only overtone bands of molecular absorption can be probed.
The tuning range of DM lasers is usually only a few nanometers, and this is done via a combination of injection current and temperature tuning. The temperature is controlled using a proportional-integral differential (PID) controller with an integrated sensor on the laser heatsink. The target methane absorption line at 1.654 μm avoids strong water absorption lines in the vicinity of 1.37-1.4 μm. A 1.654 μm narrow-linewidth fiber-coupled DM laser [34] is employed to produce the optical energy for both the absorption probe and the PA measurement mode. Fig. 2 shows an operational diagram of the proposed approach; some minor details are omitted for clarity. A 1.654 μm narrow-linewidth fiber-coupled DM laser is employed, whose salient features are detailed in [35] for a similar device operating at 2 μm. The modulation characteristics of the DM laser structure, originally intended for telecommunications applications [34] , together with a very narrow wavelength range, were identified as being ideal for PA swept-wavelength measurements.
The DM laser has a very narrow linewidth of 2 MHz with current tuning coefficient 0.01 nm · mA −1 and temperature tuning 0.1 nm · K −1 . If the laser were to operate at the typical center wavelength of 1653.7 nm, the entire methane absorption line could be scanned by current tuning alone, since the wavelength range for 1% of peak absorption is 1653.7 ± 0.2 nm. However, such a typical center wavelength cannot be assumed to occur in practice, since the laser emission linewidth is approximately 1651-1656 nm. As a result, temperature tuning must be used in conjunction with current modulation in order to determine the operating wavelength to ensure maximum gas IR power absorption. Although the output power is small (5 mW at fiber egress), the narrow linewidth and tunability of the DM laser (using a combination of temperature and injection current) permit the use of synchronous detection. Finally, a fiber-coupled laser permits remote operation, which is often important in industrial situations, since it permits the laser and controller to be mounted remotely. Additionally, fiber-only coupling has several advantages in terms of safety in potentially explosive environments. Fig. 3 shows a photograph of the prototype. Gas flows from left to right through the brass stabilization enclosure. A calibrated 2.5 % CH 4 in synthetic air was employed for the base concentration measurements. Within this enclosure is a dualbuffer resonator, which is designed to maximize the standing wave amplitude. An electret microphone is mounted in the middle of the resonator structure, perpendicular to the longitudinal axis and beam cavity. The InGaAs detector is amplified before being routed to the lock-in amplifier. The electret microphone has a built-in FET preamplifier, which is powered by the module shown in the lower part of the photograph. The two-rail wiring to the embedded microphone provides dc at 3-5 V with decoupling of the dc from the audio within the power module.
C. Signal Detection and Processing
Much greater sensitivity may be obtained with absorption methods by using synchronous detection, commonly termed lock-in amplification. The excitation and relaxation process requires a continually modulated IR source; importantly, the signal amplitudes induced by the PA effect are exceedingly small, and likely to be subject to external acoustic interference. The acoustic amplitudes encountered are usually below the level of background noise, and synchronous detection becomes essential in order to achieve meaningful results.
Synchronous detection is employed in the current design in two places. First, in determining the absorption from the photodiode power measurement. Second, it is used in extracting the acoustic signal from the PA cell microphone. In synchronous detection, the reference (in this case, the laser) is modulated with digital frequency ω o rad/ sample for indexes n = 0, 1, . . . according to
The samples of the measured quantity x m (n) are then assumed to be of the form
which we write in terms of quadrature components
The product sequence x m (n)x i (n) , n=0, 1, 2, . . . may be filtered by a low-pass filter F(·) to yield the in-phase estimate I(n). Similarly, the product x m (n)x q (n) is low-pass filtered, giving the quadrature-phase estimate Q(n). To estimate the system gain A m and phase shift ϕ, the measurement-derived filtered estimates I(n) and Q(n) are employed according to
The multiplication and filtering operation required for synchronous detection may be carried out in software. Since the modulation frequency is of the order of 3 kHz, the analog-todigital sampling rate is not required to be especially high, and storage requirements are likewise able to be accommodated in relatively low-cost microcontrollers.
V. PHOTOACOUSTIC RESONATOR DESIGN AND FABRICATION
A novel feature of the present work is the use of a 3-D printed dual-buffer resonator to enhance the SNR. Although a stainless Fig. 4 . Thee-dimensional printed resonator insert, whose position in the apparatus is indicated in Fig. 3 . The central core permits the laser beam to travel through to the detector. The two buffer volumes at each end enhance the standing wave, which is detected by the microphone placed midchamber and flush with the beam cavity.
steel resonator may provide a theoretically higher resonant peak (Q factor), the ease of fabrication using 3-D printing permits several geometries to be evaluated. The thermoplastic resin used is acrylonitrile butadiene styrene, since high mechanical strength and heat resistance are not required attributes in this application. The resonator, together with the 3-D model from which it was printed, is shown in Fig. 4 . The print layer resolution is 200 μm.
For PA cells, a smaller volume is desirable. A key attribute in the design is the ability to correctly align the collimated laser along the longitudinal axis. The 3-D printed resonator inner section has length L = 50 mm with inner diameter 3 mm. Each of the longitudinal resonator buffers at either end has diameter 15 mm and length 25 mm, for a total length of 100 mm. This is the length of the outer brass sleeve, which is used for mechanical stiffness and damping of external vibration, as well as providing a gas-tight seal. Using the standard expression for open-ended resonance
we estimate the resonant frequency as f o = 3.4 kHz for the first resonant mode. Note that this is only an estimate, which varies with ambient temperature. Additionally, an end-correction may be applied [28] , with the corrected frequency being
where ΔL is the length expansion approximation, which in turn depends on the pipe radius r. For the parameters given above, this results in a revised resonant frequency of f c = 3340 Hz. Fig. 5 shows the experimentally determined PA amplitude as the laser acoustic modulation frequency is swept past the resonant frequency, providing experimental confirmation of the theoretically predicted resonant frequency. The IR detector for sensing absorption has an optical wavelength range of 0.9 − 1.7 μm. The detector is an InGaAs device, since Si detectors typically have negligible response beyond 1 μm. Unfortunately, the relatively wide optical bandwidth of this detector increases the total noise somewhat, although this is mitigated to a large extent with the use of narrow-bandwidth synchronous detection.
VI. PROPOSED TUNING APPROACH
In order to rapidly determine the optimal operating point for the PA system, the peak slope of the absorption line must be located. This could be present over a very wide range of temperature settings, yet occupies a very small wavelength range. Incrementally stepping the wavelength and measuring the PA output is quite time-consuming, since each measurement point takes of the order of 1-10 s, depending on the gas concentration, laser power, and desired measurement accuracy.
The normalized photodetector output was simulated as shown in Fig. 6 . The general shape of the wavelength-dependent Lorentzian line-broadening function α(λ) [24] 
was employed, where γ is the half-width, with the wavelength centered on the optical wavelength λ o and absorption coefficient α o dependent on linestrength S according to α o = N o S/πγ. The input to the simulation is sinusoid with variable center (dc offset). The output is computed according to (12) . The output shows a distorted sine when the dc offset causes the waveform to move across the peak of the Lorentz function. The harmonics are then computed from this distorted waveform. The photodetector output signal p d (v tec , v bias ) is, thus, dependent on the absorption line shape α(λ). The center operating wavelength λ is set using v tec as a control voltage input to the thermoelectric element, controlled with a conventional PID controller, whilst the change in wavelength Δλ is set using v bias to effect changes in the injection current. A Taylor series for the photodetector signal p d (λ + Δλ) for small changes in wavelength Δλ is then
With sinusoidal modulation of the form
the higher-order derivatives give rise to higher-order harmonics mω with amplitudes denoted by H m . Thus, the presence of distortion on the received waveform may be used to infer proximity of the laser emission wavelength to the target gas absorption wavelength. A standard measure for distortion is the total harmonic distortion (THD), defined as
where H 0 is the fundamental, and H m , m ∈ 1, 2, 3, . . . are the harmonics. However, since synchronous detection requires integration and low-pass filtering operations for each harmonic, the computation of this measure becomes more complex. A less complex approach to estimating the onset of distortion is to use only the third harmonic, which gives a good indication of the presence of distortion, without requiring all the harmonics to be determined using simultaneous synchronous detection. Thus, the synchronous detection requires calculation for the kth sample block of a low-pass filtered product of the measured photodiode output x m (n) with the third-harmonic reference cos 3nω o
For successive blocks k = 0, 1, . . . , the temperature control voltage is set to a linear increasing ramp v tec (k) with increment
. Fig. 6 shows this third-harmonic signal H 3 (k) after passing through a normalized Lorentz transfer function (12) to simulate the optical distortion. The cumulative distortion D(k) over a block of K samples is then
which is also shown in Fig. 6 . The cumulative third harmonic sum D(k) measures the distortion evident in the waveform as it is swept past the absorption line. This identifies the optimum wavelength point, and thus the correct v tec setting. Next, we model the distortion profile D(k) as a linear fit based on the temperature control voltage v tec (k). Thus, the estimate D(k) is a simple linear fit of the form
where b, c are fixed parameters for a given sweep. A simple linear regression approach results in the estimate
over K previous sample blocks. We can then calculate the estimated distortion based on the past distortion terms as
The error term (k), thus, calculated provides an indication of the expected distortion when the set point is far from the gas absorption line. The prediction defined by the linear regression becomes poor (with a commensurate increase in (k)) as the absorption line is approached.
VII. IMPLEMENTATION AND TESTING
This section compares simultaneous swept measurements for PA and photodetection approaches. It demonstrates how the recovered photodetector distortion indicates the optimal wavelength setting for PA operation. This motivates the development of the fast-detection approach, based on the change in the integrated third harmonic of the photodetector signal.
A. Photoacoustic Measurement
We first demonstrate that a stepwise movement of the laser set point yields the expected PA signal. This is quite timeconsuming, as each point requires the full integration time for the synchronous detection of the microphone signal. Fig. 7 shows the recovered first harmonic signal over two laser sweeps at different acoustic frequencies. The temperature of the LD itself is controlled via a PID controller, which in turn is adjusted to a set point using a control voltage v tec . The bias point of the laser is set using the input v bias , and this is modulated with a sinusoid at the expected acoustic resonant frequency, with a dc offset to ensure that the lasing threshold is always exceeded. It is important to note that both v tec and v bias affect the laser output wavelength. The phase-corrected output is calculated from the lock-in quadrature outputs as
Each measured point in Fig. 7 was calculated using an integration time constant setting of 1 s, with a further delay for filter settling of 1 s. Furthermore, each change in the temperature setting was given a 2 s settling time. The cumulative effect of these delays is to substantially increase the time required for a direct incremental location of the absorbing wavelength. The symmetrical nature of the absorption line becomes evident as the maximum and minimum slope of the absorption line is traversed. Three representative cross sections are shown in Fig. 7 : one for the predicted resonant frequency, and one frequency either side of resonance. As the acoustic frequency moves closer to resonance, the peak output increases, as predicted by (10) . In this case, the optimum set point for PA resonance is v tec = 1.575 V. Fig. 8 compares simultaneous first-harmonic PA and photodetector measurements as the laser wavelength is temperatureswept (individual measurement points are not shown for clarity). It is clear that the photodetector signal, which measures absorption, has (sweeping from left to right) first a negative slope followed by a positive slope. The precise center of the absorption wavelength is at the zero-crossing of this waveform. This is because the slope of the IR transmission profile changes from negative to positive as the wavelength is scanned toward the absorption peak.
B. Photodetector-Based Harmonic Localization
The PA signal, on the other hand, shows a different symmetry. In this case, there are again two peak magnitudes (positive and negative), which correspond to the slopes of the absorption profile. In this case, however, there is a phase shift between the laser excitation and the acoustic signal. This phase shift is positive for the left-hand peak and negative for the right-hand peak. Of particular note is that the photodetector signal does not have a zero baseline, whereas the PA signal is, by definition, zero when there is no IR absorption.
The received photodetector waveform changes as the absorption line is scanned, as shown in Fig. 9 . The laser drive v bias is sinusoidal on top of a fixed bias necessary to maintain the lasing action. The photodiode output p d at this point shows the distortion due to the sweep of the laser wavelength across the molecular absorption line. The microphone signal p a exhibits considerable noise. The spectral plot indicates the harmonics of the photodetector signal. It is the presence of this distortion, measured via the observed harmonics, that is next used to calculate the optimal wavelength setting. Fig. 10 shows the same parameters as measured in the experimental setup. It is evident that the third harmonic baseline is not zero and cannot be assumed to be negligible even when some distance from the absorption peak. This, therefore, precludes the use of a fixed relative distortion threshold. A superior method is to use the calculated estimate as described in Section VI. The calculated D(n), together with the experimentally measured optimum operating point, is indicated in Fig. 10 . 
VIII. CONCLUSION
This paper outlined the need for a rapid and accurate estimate of the optimum optical wavelength for PA approaches to the measurement of methane gas concentration. Determination of a change in the optical photodetector signal was performed using the third harmonic, which was found to be a good indicator of the presence or absence of absorption. The measured results highlighted the usefulness of the proposed method of locating the absorption line in the near-IR region.
For the given resonator, laser power, and lock-in integration time constant, a lower limit of PA detection of the order of 200 ppm was estimated, based on the noise floor. The results also confirmed the initial design concept, whose efficacy was established using a Lorentz absorption line model coupled to a Taylor series approximation of the absorption signal. This confirmed the presence of the expected third harmonic distortion. Once the operating point was established, subsequent PA measurement achieved higher sensitivity and accuracy, whilst avoiding the need for a complex optical setup and alignment.
The proposed method required calculation of (17)-(21). These involved summation over the measured data points, but did not require iterative solution. As such, they were able to be implemented in real-time without difficulty, within deterministic time bounds.
